Psoriasis is a common inflammatory skin disease with a prevalence of 2-3% in individuals of European ancestry 1 . In a genome-wide search for copy number variants (CNV) using a sample pooling approach, we have identified a deletion comprising LCE3B and LCE3C, members of the late cornified envelope (LCE) gene cluster 2 . The absence of LCE3B and LCE3C (LCE3C_LCE3B-del ) is significantly associated (P ¼ 1.38E-08) with risk of psoriasis in 2,831 samples from Spain, The Netherlands, Italy and the United States, and in a family-based study (P ¼ 5.4E-04). LCE3C_LCE3B-del is tagged by rs4112788 (r 2 ¼ 0.93), which is also strongly associated with psoriasis (P o 6.6E-09). LCE3C_LCE3B-del shows epistatic effects with the HLA-Cw6 allele on the development of psoriasis in Dutch samples and multiplicative effects in the other samples. LCE expression can be induced in normal epidermis by skin barrier disruption and is strongly expressed in psoriatic lesions, suggesting that compromised skin barrier function has a role in psoriasis susceptibility.
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Psoriasis is a chronic hyperproliferative inflammatory disease of the skin, scalp, nails and joints that presents in several clinical forms 1 . Psoriasis is generally regarded as an immunologically mediated disorder characterized by abnormal keratinocyte proliferation and differentiation, local vascular changes and a mixed inflammatory infiltrate in the epidermis and dermis 3 . Psoriasis has a multifactorial etiology, involving environmental (infections, drugs, stress, smoking and climate) and genetic factors 4 .
Genetic analyses of multiply affected families have found several susceptibility loci for psoriasis 5 . The most strongly associated is on chromosome 6p21 within the MHC region (PSORS1) 6 . Variants associated with the HLA-Cw6 allele contribute between 33% and 50% of the familial clustering of the disease 7 . In addition to PSORS1, genome-wide linkage analyses and association studies have highlighted psoriasis loci on several other chromosomes 5, 8 , and advances in the identification of the relevant genes have mainly revealed molecules involved in the immune response and expressed in T cells and keratinocytes, such as HLA-C, IL12B, IL23R and b-defensins [9] [10] [11] .
Copy number variation is a rich source of genetic variability 12 . Several copy number variants (CNVs) contribute to susceptibility to autoimmune and inflammatory disorders 13 . In a candidate gene approach, a higher copy number of the chromosome 8 b-defensin cluster has been demonstrated to be a susceptibility factor for psoriasis 11 . In order to identify genomic regions that vary in copy number in individuals with psoriasis, we conducted a genome-wide CNV analysis by array comparative genomic hybridization (aCGH) using the human Agilent 244A array, which contains approximately 244,000 probes and covers the entire genome with a 10-kb resolution. Here, we report the characterization and replication study of one such region on human chromosome 1q21, which was specifically characterized because it falls within a previously known psoriasis susceptibility locus (PSORS4) 14 .
To reduce detection of interindividual CNV variability unrelated to psoriasis, we used a pooling approach. We assembled equimolar amounts of DNA in three pools, each containing 20 psoriasis samples.
Each of these three pools was analyzed against a pool of 50 samples from unrelated subjects of the general population in the aCGH experiments. Four regions fulfilled criteria for a CNV potentially associated with psoriasis (Supplementary Methods online) and all corresponded to previously identified CNVs (Database of Genome Variants; Supplementary Table 1 online). One such region on chromosome 1q21 involved, at least in one pool, four contiguous probes with log 2 ratios 40.3 and two additional probes with log 2 ratios 40.25, with the six probes spanning the LCE3C and LCE3B genes, members of the LCE cluster 2 (Fig. 1) .
To evaluate whether the individual samples of subjects with psoriasis had a reduction in copy number of LCE3C and/or LCE3B genes with respect to controls, as predicted by the aCGH study, we carried out quantitative PCR (qPCR) on 557 Spanish samples, including those used in the aCGH experiments (Supplementary Table 2 online). We targeted qPCR to exonic regions of LCE3C, and two flanking genes, LCE2C and LCE3E. We found that this CNV was biallelic and that 33% of the DNA samples from subjects with psoriasis had a reduction in the LCE3C copy number, compared with 24% of control samples (OR ¼ 1.62; 95% CI ¼ 1.04-2.51, P ¼ 0.02).
The LCE region has previously been defined in several studies as being a CNV 12 (Fig. 1) , but only recently has it been characterized as a 32.2-kb deletion (from nucleotides 150,822,166 to 150,854,365 in hg18) 15, 16 . We took advantage of these CNV coordinates to define the deletion breakpoints and develop a direct assay of the LCE3C and LCE3B deletion (LCE3C_LCE3B-del) by PCR amplification. We found a significantly higher frequency of the LCE3C_LCE3B-del allele in individuals with psoriasis (64%) compared with controls (55%) (P ¼ 0.0028) ( Table 1) . Concordance of results between LCE3C qPCR and direct PCR typing of LCE3C_LCE3B-del was excellent (weighted kappa ¼ 0.93; 95% CI ¼ 0.88-0.95).
To replicate the association of LCE3C_LCE3B-del with psoriasis initially found in the Spanish samples, the LCE3C_LCE3B-del frequency was assessed by PCR typing in four case-control samples from Italy (n ¼ 900), the United States (n ¼ 890) and The Netherlands (n ¼ 484) ( Table 1) , and in a family-based study from the United States (1,395 affected in 562 families) (Supplementary Table 2) . In all studies, we observed an increased risk for psoriasis in carriers of the LCE3C_LCE3B-del allele (OR ¼ 1.30-1.50). Overall, the frequency of LCE3C_LCE3B-del was significantly higher in individuals with psoriasis (68%) than in control subjects (59%) (P ¼ 1.38E-08), according to a logistic model in which population was introduced as a confounding variable after nonsignificant heterogeneity was detected by population ( Table 1) . A total of 334 University of Michigan samples were informative for LCE3C_LCE3B-del using a family-based association test (FBAT) leading to an association with psoriasis (P ¼ 5.4E-04); (Supplementary Table 3 online). The genotype analysis that estimated the OR for heterozygous and homozygous carriers suggests a potential dosage effect (Supplementary Table 4 online). Thus, the presence of two copies of the LCE3C and LCE3B genes is protective against the Odds ratio (OR) and 95% confidence interval 95% (CI) for LCE3C_LCE3B deleted allele (LCE3C_LCE3B-del) and psoriasis were obtained by logistic regression, overall and separately for each of the four populations; Overall OR and P values are standardized by population according to a logistic model in which population was introduced as a confounding variable after (nonsignificant) heterogeneity was detected by population. The genes for which TaqMan assays were developed are shown on a yellow background.
development of psoriasis (P o 0.0001). The percentage of psoriasis risk attributed to carrying at least one deletion-containing allele (estimated population attributable risk) was 21% in the combined dataset. We evaluated linkage disequilibrium (LD) between LCE3C_LCE3B-del and tag SNPs covering the LCE3 and LCE2 region (Fig. 1 , Supplementary Table 5 and Supplementary Fig. 1 online) . We found 14 SNPs strongly associated with LCE3C_LCE3B-del (Supplementary Table 6 online). The region of association with LCE3C_ LCE3B-del spans over 130 kb, with allele C at rs4112788 (P ¼ 2.40E-126) being in strongest LD (r 2 ¼ 0.93 and D¢ ¼ 0.99). rs4112788 maps 584 nucleotides downstream of LCE3D and 4.5 kb centromeric to LCE3C_LCE3B-del, and the strong LD suggests a single origin in the population of European ancestry. The analysis of rs4112788 in all populations showed that this SNP is strongly associated with psoriasis (overall adjusted P value o 6.6E-09; Table 2 ). rs4112788 is also associated with psoriasis in the US family sample by FBAT (P ¼ 0.0019; Supplementary Table 3) .
The region of association with psoriasis detected and investigated in our study is in the region of the PSORS4 locus, originally identified in Italian families 14 . The PSORS4 locus contains the epidermal differentiation complex (EDC), a cluster of at least 20 genes expressed during epithelial differentiation 2, 17 . Genes in the PSORS4 region have been investigated in several studies but none has been clearly shown to be involved in psoriasis 8, 18 . However, the genes reported in those studies are in completely distinct LD blocks from LCE3B and LCE3C, showing a low LD with rs4112788 (r 2 o 0.5). A comprehensive dissection of this region of chromosome 1 could provide further clues about the involvement of other genes besides LCE3B and LCE3C that could explain previous linkage and association findings in psoriasis.
We evaluated the relationship between the LCE3C_LCE3B-del locus and the HLA-Cw6 allele (as part of PSORS1) 7, 9 . To test for an interaction between PSORS1 and the LCE3C_LCE3B-del in the Spanish sample, we analyzed six SNPs in the region (Supplementary Table 7 online). These SNPs are in strong LD with HLA-Cw6 (ref. 19 ) and as expected, each of them was highly associated with psoriasis and defines a strongly associated haplotype in the region (OR ¼ 6.62, 95% CI ¼ 4.12-10.64, P o 0.00001, 10,000 permutations; Supplementary Table 8 online). We did not find any evidence of interaction in either the Spanish and Italian case-control samples or the US family samples, but we did observe this for the Dutch sample, where the presence of the LCE3C_LCE3B-del allele (as well as rs4112788) confers a significant risk for psoriasis only in presence of HLA-Cw6 ( Table 3) .
The identification of an epistatic effect between the HLA-C and LCE3C loci in the Dutch population is notable because attempts to identify interaction between HLA-C and other loci have failed 20 . Nevertheless, an epistatic effect between the PSORS1 and PSORS4 loci was reported in Italian families 21 . Further work will be needed to understand whether significant epistasis detected only in Dutch samples is observed because of sampling error, population-specific effects or other aspects of methodology. Odds ratio (OR) and 95% confidence interval (CI) for psoriasis comparing homozygous (C/C), heterozygous (C/T) and homozygous genotype (T/T) of rs411178 overall and separately for each of the four populations. Overall OR are standardized by population according to a logistic model in which population was introduced as a confounding variable after (nonsignificant) heterogeneity was detected by population. P values are derived from the log-additive model, with homozygotes for the C allele at higher risk for psoriasis than homozygotes for T/T as a basal genotype. Predictive performance of allele with deletion of LCE3C and LCE3B is presented for each population using the coefficient of determination measure (r 2 ).
a Subjects with valid call for rs4112788. PSORS1 locus definition; in the Italian and Dutch samples direct HLA-Cw6 typing was available and was analyzed using the carrier status definition for Cw6 allele. In the Spanish sample rs1062470 is used as a proxy for HLA-Cw6 by a dominant model of heritability for allele T (which is referred here as the positive group).
Finally, to further investigate the potential role of this CNV in psoriasis, we evaluated the patterns of expression of LCE3C in normal skin and in lesional and uninvolved psoriatic epidermis. qRT-PCR assays were designed for LCE3C, which is contained in the deletion, and for LCE3E, which is outside the deletion. qRT-PCR was done on purified epidermal cells from seven normal skin biopsies and from lesional epidermis of nine subjects with psoriasis (Fig. 2a) . LCE3C and LCE3E expression was low to undetectable in all of the normal skin samples, irrespective of their LCE3C_LCE3B-del genotype, in agreement with what has been described previously 2 . Among subjects with psoriasis, only those harboring at least one copy of the LCE3C gene showed LCE3C expression. All samples from lesional skin showed expression of LCE3E. For psoriasis samples 1 to 4, mRNA from purified epidermal cells of uninvolved skin was also available. Figure 2b shows that, similar to skin of healthy controls, no LCE3C or LCE3E expression is detected in uninvolved psoriatic skin, irrespective of the LCE3C_LCE3B-del genotype. We hypothesized that skin barrier disruption might be a physiological stimulus for LCE3 gene induction. We used tape stripping of normal skin as a model to investigate this in healthy volunteers. This procedure involves successive application of adhesive tape, which removes the stratum corneum, the top layer of the epidermis. The subsequent epidermal response involves keratinocyte hyperproliferation, accelerated differentiation and increased expression of genes involved in skin barrier formation. Although LCE3C and LCE3E mRNA was absent in normal skin, we found that their expression was markedly induced by tape stripping (Fig. 2c) , except in the case of one control individual (C5) with two LCE3C_LCE3B-del alleles who did not show LCE3C mRNA induction, as expected. Expression of the nondeleted LCE3E gene was induced in all individuals following tape stripping.
In healthy individuals, the expression of induced LCE3C may vary according to the individual response to tape stripping. If we assume, however, that LCE3C and LCE3E are subject to similar regulation mechanisms, we can correct for these nongenomic effects on gene expression. To this end, we plotted the ratio of LCE3C to LCE3E expression for 17 individuals against the number of nondeleted allele copies of the LCE3C gene. A significant correlation was found (Pearson's r ¼ 0.88, P ¼ 2.0E-06) between the normalized LCE3C expression and copy number ( Supplementary Fig. 2 online) .
This genome-wide analysis has led to the identification of a region of chromosome 1q21 that harbors two genes (LCE3C and LCE3B) that are deleted in a significant fraction of individuals of European ancestry with psoriasis. Several SNPs in the region are associated with the deletion, one of them (rs4112788) being a close proxy of LCE3C_ LCE3B-del. This strong LD of SNPs with a given CNV might be a common feature of biallelic CNVs, particularly useful in association studies for complex disorders, as has recently been detected for Crohn's disease and the deletion polymorphism upstream of the IRGM gene 22 . This might not be the case for complex CNVs, such as the b-defensin cluster on chromosome 8p23, which shows a significant association between increased b-defensin gene copy number and psoriasis susceptibility 11 . The complex nature of the b-defensin CNV likely precluded its identification in the aCGH done here. Because of the strong LD between the CNV and rs4112788, it is not possible to define which variant better captures the association signal with psoriasis. However, lack of evolutionary conservation suggests that rs4112788 is a nonfunctional variant, not included in any promoter, enhancer or distant regulatory element (NCBI DCODE), making the deletion of the two LCE genes a more suitable candidate for the association detected here. However, both LCE3C_LCE3B-del and rs4112788 could be merely markers for another, unknown and untested variant. This will be resolved only after resequencing and fine mapping of the region and by the analysis of the potential joint contribution of other genes. We have also shown that LCE3C expression is induced upon epidermal activation, as found in psoriatic and induced skin lesions. As 30% of the general population is not able to express these genes as a result of the deletion, there is probably some redundancy in the function of LCE genes in the cluster. It is possible that these other genes assume the functions of LCE3C and LCE3B imperfectly, contributing to the abnormal differentiation and epidermal hyperproliferation characteristic of psoriatic lesions. We would speculate that absence of intact LCE3C and LCE3B genes could lead to an inappropriate repair response following barrier disruption, which is insufficiently backed up by other LCE genes. A more leaky epidermal barrier following skin injury would allow easier penetration of exogenous agents (allergens and/or microorganisms) 23 , which against a genetic background of HLA-Cw6 positivity could evoke a response of the adaptive immune system leading to overt inflammation.
METHODS
Subjects. We obtained ethical approval by the relevant research ethics committees of each center for collection of all DNA samples and written informed consent from all participants (from Spain, The Netherlands, Italy and the United States). All subjects were of European descent. For details on diagnostic criteria and other characteristics of the subjects, see Supplementary Note online.
Identification of CNV regions. To investigate the presence of CNVs associated with psoriasis, we carried out a DNA-pooling approach for aCGH using the Human Genome CGH Microarray Kit 244A, which contains over 244,000 probes and covers the entire genome with a 10-kb resolution between probes. Regions composed of at least three altered probes (including the entry probe) were retained for further study. Results observed in the 1q21 region for aCGH analysis were confirmed by a second technique using a qPCR analysis. For details on CNV analysis and results and characterization in each population sample see Supplementary Methods. SNP genotyping. SNPs were genotyped using different platforms. We tested each polymorphism in the whole group to ensure consistency with HardyWeinberg equilibrium (HWE). Because of multiple testing, we used a threshold of P ¼ 0.001. The final SNP dataset consisted of 15 SNPs (Supplementary Table 5 ) with an overall genotype call rate of 99%. See Supplementary Methods for details on SNP genotyping methods in each population sample. Primer sequences are available in Supplementary Table 9 online.
LCE3C_LCE3B -del and SNP association analysis. Logistic regression models were used to assess the genetic effect of the LCE3C_LCE3B -del and SNPs on psoriasis risk. Intergroup comparisons of genotype frequency differences were done by regression analysis for co-dominant and genotype-specific models. Unadjusted crude odds ratios (OR) and 95% confidence intervals (95% CI) were calculated. Analysis was carried out using the SNPassoc R library, from The Comprehensive R Archive Network. For SNP association analysis, we used Bonferroni-corrected values to account for the problem of multiple testing (accounting for multiple testing of 15 polymorphic SNPs and the genotypespecific models tested 24 ) to a threshold P value of 0.0015.
Interaction analysis. For the interaction analysis in the Spanish population, we used the genotype-specific model of heritability for each SNP based on the Akaike criteria (AIC) derived from the association analysis. We derived the P values for the interaction (epistasis) using the log-likelihood ratio test comparing the full interaction model to the additive SNP model, and the multiplicative effect using the likelihood ratio test of the additive model with the likelihood of the best model using single SNPs ( Supplementary Fig. 3 online; codominant models). A P value of 0.00054 for significance after Bonferroni correction to account for multiple comparisons was used. For the Italian and Dutch samples, interaction analysis of LCE3C_LCE3B-del or rs4112788 and HLA-Cw6 was done. Assessment for significant epistasis and multiplicative effects was carried out as described for the Spanish population. For analysis of interaction in the Michigan family sample (Supplementary Tables 10 and 11 online), we followed a previously described method 25 .
Biopsies, RNA isolation and quantitative real-time PCR. All individuals with psoriasis had plaque-type psoriasis diagnosed by a dermatologist. Biopsies of normal, psoriatic and tape-stripped skin were taken under local anaesthesia. Tape stripping of human skin is the repeated application and removal of adhesive tape, which produces a standardized injury of the epidermis by removal of the stratum corneum 26 . All controls and cases were of native European Dutch origin. Permission for these studies was obtained from the local medical ethics committee (''Commissie Mensgebonden Onderzoek Arnhem-Nijmegen''), and volunteers gave written informed consent. The study was conducted according to the Declaration of Helsinki ethical principles. Detailed procedures for preparation of purified epidermis, RNA isolation, and real-time quantitative PCR are given as Supplementary Methods.
Note: Supplementary information is available on the Nature Genetics website.
